Some metazoans have evolved the capacity to survive severe oxygen deprivation. The nematode, Caenorhabditis elegans, exposed to anoxia (0 kPa, 0% O 2 ) enters into a recoverable state of suspended animation during all stages of the life cycle. That is, all microscopically observable movement ceases including cell division, developmental progression, feeding, and motility. To understand suspended animation, we compared oxygen-deprived embryos to nontreated embryos in both wild-type and hif-1 mutants. We found that hif-1 mutants survive anoxia, suggesting that the mechanisms for anoxia survival are different from those required for hypoxia. Examination of wild-type embryos exposed to anoxia show that blastomeres arrest in interphase, prophase, metaphase, and telophase but not anaphase. Analysis of the energetic state of anoxic embryos indicated a reversible depression in the ATP to ADP ratio. Given that a decrease in ATP concentrations likely affects a variety of cellular processes, including signal transduction, we compared the phosphorylation state of several proteins in anoxic embryos and normoxic embryos. We found that the phosphorylation state of histone H3 and cell cycle-regulated proteins recognized by the MPM-2 antibody were not detectable in anoxic embryos. Thus, dephosphorylation of specific proteins correlate with the establishment and/or maintenance of a state of anoxia-induced suspended animation.
INTRODUCTION
Metazoans that survive severe oxygen deprivation arrest energy requiring processes and improve energetic efficiency of metabolic processes until normal oxygen concentrations are restored Hochachka et al., 1996; Storey, 1996) . Invertebrate embryos such as Artemia franciscana and Drosophila melanogaster maintain a prolonged period of developmental arrest in response to anoxia (0 kPa, 0% O 2 ) and then resume development when reexposed to oxygen (Foe and Alberts, 1985; Hand, 1993; Clegg, 1997) . Similarly, zebrafish embryos (Danio rerio) exposed to anoxia enter into a reversible state of suspended animation; all observable movement cease including cell division, developmental progression, and heartbeat (Padilla and Roth, 2001) . On return to a normoxic environment, cellular and developmental processes continue normally and the embryos grow into healthy adult fish. The molecular mechanisms that allow metazoans to coordinately arrest a wide range of energy requiring processes such as movement, cell division, and developmental progression in response to anoxia are not completely understood.
Extreme hypoxia is central to the pathology of several diseases such as cardiac and pulmonary dysfunction (Lipton, 1999) . Additionally, it is known that within solid tumors, cancerous cells that are severely deprived of oxygen are often more resistant to radiation and chemotherapy (Brown, 1996) . Given this, there is much interest in identifying the cellular and molecular response organisms have to various levels of oxygen deprivation (Brown, 1996; Guillemin and Krasnow, 1997; Semenza et al., 2000) . In both mammals and Caenorhabditis elegans the hypoxia inducing factor (HIF-1) responds to a decrease in oxygen concentrations and contributes to the ability to survive hypoxia. The regulation of HIF-1a, through a VHL-prolyl hydroxylase pathway, is conserved between mammals and nematodes (Epstein et al., 2001; Ivan et al., 2001; Jaakkola et al., 2001; Jiang et al., 2001; Semenza, 2001) . These studies support the idea that the response of gene expression changes due to chronic hypoxic exposure evolved before the divergence of invertebrates and vertebrates.
Through mechanisms unknown, zebrafish and fly embryos exposed to anoxia arrest at specific stages of the cell cycle. In the case of the zebrafish embryo, the rapidly dividing blastomeres exposed to anoxia do not arrest in mitosis. Further evaluation of zebrafish embryos exposed to anoxia, by flow cytometry analysis, indicates that blastomeres arrest during the S and G 2 phases of the cell cycle (Padilla and Roth, 2001 ). Blastomeres of D. melanogaster embryos exposed to anoxia arrest during interphase and all stages of mitosis except anaphase (Foe and Alberts, 1985) . Fly embryos exposed to hypoxia contain blastomeres that only arrest in interphase or metaphase (DiGregorio et al., 2001; Douglas et al., 2001) . Nitric oxide is thought to play a role in the response fly embryos have to hypoxia (Wingrove and O'Farrell, 1999; DiGregorio et al., 2001; Douglas et al., 2001) . Zebrafish embryos, unlike fly embryos, do not arrest during mitosis, suggesting that there are vertebrate specific responses to anoxia. It is not completely understood how a reduction in oxygen concentration signals blastomeres within a developing organism to arrest at specific stages of the cell cycle.
C. elegans is a useful model system in biology because it has the ability to do forward genetics, its genome is completely sequenced, and because RNA-mediated interference (RNAi) has been applied to inactivate individual genes systematically on a genomic scale ( C. elegans Sequencing Consortium, 1998; Fraser et al., 2000) . It has been shown that C. elegans can survive a wide range of oxygen concentrations, including anoxia (Paul et al., 2000; Van Voorhies and Ward, 2000) . In this report we demonstrate that, like zebrafish embryos, nematodes survive anoxia by entering into a reversible state of suspended animation in which cell division, developmental progression, and movement ceased. We found that the mechanism leading to suspended animation in anoxia may not use signaling pathways that overlap with responses to hypoxia because the hypoxia-induced transcription factor HIF-1 is not required for nematodes to enter into or exit from anoxia-induced suspended animation. We suggest that the coordinated arrest and recovery of embryos is achieved by metabolic responses to anoxia because we find that ATP levels fall in anoxic embryos and that the state of phosphorylation of proteins that are normally phosphorylated in mitosis is not detected when embryos are arrested.
MATERIALS AND METHODS

Oxygen Deprivation Environments
For all studies we used the anaerobic bio-bag type A environmental chamber according to manufactures instructions (Becton Dickinson, Cockeysville, MD; Padilla and Roth, 2001) . This method contains a resazurin indicator that allows one to determine when the anoxic environment is established. We used a second method to verify suspended animation results. This method involved use of a chamber perfused with 100% N 2 gas (Airgas or Byrne Gas, Seattle, WA) and monitored for oxygen using a Fyrite O 2 gas analyzer (Bacharach, Pittsburgh, PA) and a resazurin indicator (Becton Dickinson). To produce a hypoxic environment a chamber was perfused with 0.5% O 2 balanced with N 2 gas (Byrne Gas, Seattle). These methods required ϳ60 -90 min to establish the oxygen deprivation environment. During most of this transition period animals behaved and developed at a rate comparable to untreated nematodes.
Viability of Nematodes in Anoxia
Bristol strain N2 was cultured as described (Sulston and Hodgkin, 1988) . Synchronized populations of animals used in viability studies were obtained as embryos from hypochlorite-treated adults and allowed development to the life cycle stage of interest. Adult studies were done using young hermaphrodites that were ϳ24 h after the L4 larvae stage. Dauer larvae were collected using 1% SDS, placed on a nematode growth medium (NGM) plate with food, and immediately placed into anoxia, thus allowing dauer larvae to be exposed to food upon recovery from the anoxic environment (Sulston and Hodgkin, 1988) . Embryos were obtained by allowing young adults to lay eggs on an NGM plate with food for 2 hours before removal of the adults and exposure to anoxia. Two methods were used to collect L1 larvae for viability assays. The first method involved hypochlorite treatment of adults, hatching embryos to the L1 stage in sterile M9 Ringer's media overnight. These L1 larvae were placed on a plate with food and immediately put into anoxia. In this method the L1 larvae were not exposed to food except immediately before anoxic exposure. The second method involved placing young adults on plates with food, allowing embryos to be laid overnight, and collecting the L1 larvae that had hatched onto the food plate the following morning. The L1 larvae were placed onto an NGM plate with food and immediately put into anoxia. All viability assays were done at 20°C.
Viability of the hif-1 Mutant in Anoxia
The hif-1 (ia04) mutation is a 1231-base pair deletion of the second, third, and fourth exons (Jiang et al., 2001) . For viability assays, twenty hif-1 (ia04) young adults were placed onto an NGM plate with food and allowed to lay eggs. The adults were removed from the plate within 1.5 h, and embryos were either placed into a hypoxic, anoxic, or normoxic environment. The same 20 adults were used to produce embryos for viability assessment in all conditions (normoxia, anoxia, and hypoxia). On return to a normoxic environment, oxygen deprived embryos were counted and scored for capacity to hatch and develop to adulthood. At least three independent experiments were performed for each condition.
Antibodies
The following antibodies were used: mAb414, which recognizes the FG repeats present in a subset of nuclear pore complexes (Babco, Berkley, CA; Lee et al., 2000) , mAb MPM-2, which recognizes many phosphoproteins in mitotic cells (DAKO, Carpinteria, CA; Davis et al., 1983; Moore et al., 1999) , phos H3, which recognizes histone H3 when it is phosphorylated on Ser 10 (Upstate Biotechnology, Lake Placid, NY; Hsu et al., 2000) , acetylated H3, which recognizes histone H3 when it is acetylated (Dan Gottschling), anti-HCP-1, which recognizes a kinetochore protein (Moore et al., 1999) , and Phos SR, which recognizes the phosphorylated form of SR proteins (Neugebauer and Roth, 1997).
Cell Cycle and Cell Biological Analysis
The stage of mitotic arrest was determined by use of the DNAbinding dye DAPI and an mAb (mAb414) that recognizes nuclear envelope pore complexes in a variety of organisms including C. elegans (Browning and Strome, 1996; Pitt et al., 2000) . In Ͼ30-cell embryos, mAb414 stains the nuclear envelop during interphase, prophase, and telophase, but diminishes during metaphase and is completely absent during anaphase; thus, this antibody can be used to distinguish between blastomeres in anaphase or telophase (Lee et al., 2000; Moore and Roth, 2001) . Embryo collection and immunofluroescence was done as described below. Three independent experiments, with a total of ϳ200 -300 mitotic blastomeres for each environmental condition were examined. 
Immunostaining, PAGE, and Western Blot Analysis
Embryos were collected, by chopping adults with razor blades and filtering embryos away from the adult body fragments by using 43-and 15-m nitex filters (TEKTO, Elmsford, NY). Embryos, mixed with enough M9 Ringer's to prevent dehydration, were equally divided onto three NGM plates (Sulston and Hodgkin, 1988) , two of which were placed in an anoxic environment. Control embryos (normoxia) were collected when the experimental embryos placed within the anoxic environment transitioned from a normoxic to an anoxic environment. For immunostaining experiments, embryos remained in the anoxic environment for 24 h and were either immediately (Ͻ1 min) collected onto glass slides and frozen on dry ice (anoxia) or allowed to recover in air for 1 h before collection onto glass slides and frozen on dry ice (postanoxia). Immunostaining of embryos was performed essentially as described as previously described (Moore et al., 1999; Moore and Roth, 2001) . Microscopy was done on a Zeiss axioscope (Thornwood, NY). Images were collected and analyzed by using QED Imaging (Pittsburgh, PA) and Adobe Photoshop 5.5 (San Jose, CA). For PAGE and protein blot experiments, control embryos (normoxia) were collected when the experimental embryos placed within the anoxic environment transitioned from a normoxic to an anoxic environment. Experimental embryos (anoxia) remained in the anoxic environment for 24 h and were immediately collected and washed with 100% acetone, followed by an 80% acetone wash, and then suspended in protein sample buffer. Protein extracts were subjected to SDS-PAGE, transferred to an Optitran nitrocellulose membrane (Keene, NH) and immunoblotted with specific antibodies in a similar manner as previously described (Neugebauer and Roth, 1997) . The protein blot experiment with anoxia-exposed embryos was repeated three times.
Nucleotide Ratio Concentrations
Embryos collected in the same way as was done for cell biology studies were distributed into three eppindorf tubes and placed into either a normoxic or an anoxic environment before processing. Untreated embryos (normoxia) were processed 90 min after collection. Experimental embryos were exposed to anoxia for 24 h and then processed either immediately (anoxia) or after 1 h of recovery in air (post-anoxia). Nucleotide levels were determined by methods described previously (Zager et al., 1999) . Briefly, the embryos were processed by placing into 66% TCA, followed by eight intervals of 30-s sonication followed by 30 s on ice. After brief centrifugation the supernatant was extracted using freon triocytl amine, and the upper phase was filtered and quantified by HPLC.
RESULTS
Nematodes Survive Anoxia by Entering a Reversible State of Suspended Animation
Zebrafish embryos can survive 24 h of anoxia by entering into a state of suspended animation, where all observable movement cease including cell division, developmental progression, and motility (Padilla and Roth, 2001 ). To determine if C. elegans have a similar response to anoxia as zebrafish embryos do, we exposed embryonic and postembryonic nematodes to anoxia. We found that nematodes, in normal culture and temperature conditions, enter a reversible state of suspended animation in response to anoxia. In the anoxic environment, nematode development stopped and postembryonic nematodes became immobile, stopped feeding, and in the case of adults, did not lay eggs ( Figure 1 , A and B). After reexposure to a normoxic (21 kPa, 21% O 2 ) environment, nematode development continued and postembryonic nematodes moved and fed in a manner indistinguishable from untreated nematode controls. To determine whether exposure to anoxia caused any long-term effects, we raised Ͼ200 embryos, which were exposed to 24 h of anoxia, to sexually mature adults. These nematodes were capable of producing offspring and displayed no detectable defects. C. elegans arrest when exposed to anoxia. (A) Two-cell embryos were collected and exposed to either a normoxic (21 kPa, 21% O 2 ) environment or an anoxic (0 kPa, 0% O 2 ) environment. Nematodes were visualized using Nomarski optics. Images were collected and analyzed using NIH image and Adobe Photoshop 5.5. Embryos are ϳ50 m in length. Bar, 50 m for image showing L1 larva only. (B) L3 larvae were collected and exposed to either a normoxic or an anoxic environment for 24 h. Nematodes were visualized using a dissecting microscope. Images were collected and analyzed using Metamorph and Adobe Photoshop 5.5. Bar, 200 m. For A and B, methods used to establish the anoxic environment required ϳ60 -90 min. During most of this transition period animals behaved and developed at a rate comparable to untreated nematodes. Time 0 is the time nematodes began to arrest development. The second time point is 24 h after time 0.
Suspended Animation in C. elegans Vol. 13, May 2002 Organisms such as D. melanogaster, A. franciscana, and zebrafish embryos survive anoxia during specific times in development (Foe and Alberts, 1985; Clegg, 1997; Padilla and Roth, 2001 ). In C. elegans, others have shown that embryos, L2 larvae, L4 larvae, dauer larvae, and adult nematodes survive anoxia (Anderson, 1978; Van Voorhies and Ward, 2000) . We confirm that embryos, L2 larvae, L4 larvae, dauer larvae, and adult nematodes survive 24 h of anoxia at a rate of Ն90% (Figure 2 ). To completely describe the anoxia survival rate of nematodes at all stages of development and to determine if specific stages of development are less sensitive to anoxia, we subjected embryonic and postembryonic nematodes to anoxia for 24, 48, and 72 h. We determined that the L1 larvae and L3 larvae stages survive 24 h of anoxia at a rate of Ն90% (Figure 2 ). With the exception of embryos, starved L1 larvae, and dauer larvae, the nematode capacity to survive 72 h of anoxia decreased. Nematodes at the L3 larvae stage appear to be more sensitive, in comparison to other developmental stages, to 48 h of anoxia. Embryos laid from adults have high survival rates in anoxia. Embryos removed from an adult can survive 24 h of anoxia, however, the ability to survive prolonged anoxia decreased, suggesting that the treatment of embryos or developmental stage may influence anoxia survival (our unpublished results). L1 larvae that were starved have a higher survival rate to anoxia than L1 larvae that had been fed, which could be due to stage of larvae development or a link between metabolism and anoxia survival. Our studies conclude that all developmental stages can survive 24 h of anoxia; however, the ability to survive prolonged exposure to anoxia is influenced by the stage of development or treatment of the nematode.
HIF-1 Function Is Not Required for Anoxia-induced Suspended Animation
Responses to oxygen deprivation involve the hypoxia-inducing factor HIF-1 in both mammals and C. elegans (Epstein et al., 2001) . It has been shown that in C. elegans a loss of function mutation in HIF-1 specifically renders nematodes sensitive to a hypoxic environment with no phenotype observed in a normoxic environment (Jiang et al., 2001) . To determine whether HIF-1 function is required for anoxiainduced suspended animation, we exposed the hif-1 mutant embryos to anoxia. We determined that the hif-1 mutant is capable of surviving prolonged periods of anoxia (Table 1 ). The hif-1 mutant embryos exposed to anoxia arrest development and are capable of maintaining this arrested state for at least 3 d at a level comparable to wild type. On return to normoxia the hif-1 mutant animals developed into sexually mature adults. When hif-1 mutant embryos were cultured in hypoxic conditions (0.51 kPa, 0.5% O 2 ) ϳ67% of the embryos did not survive embryogenesis, and only ϳ7% are capable of progressing in development to adulthood (Table 1) , which agrees with what others have shown (Jiang et al., 2001) . The majority of wild-type N2 embryos exposed to an oxygen tension of 0.51 kPa hatch, and ϳ92% survive to adulthood. Our results demonstrate that although HIF-1 function is required for hypoxia survival, it is not required for anoxiainduced suspended animation. This suggests that the molecular mechanisms for anoxia survival are different from those that regulate hypoxia survival.
Blastomeres of Nematode Embryos in a State of Suspended Animation Do Not Arrest during Anaphase
Given that a well-known responder to oxygen deprivation, HIF-1, does not appear to be required for anoxia-induced suspended animation in nematodes we decided to better characterize nematodes exposed to anoxia as an initial way to further understand anoxia induced suspended animation. Blastomeres from zebrafish and fly embryos exposed to oxygen deprivation arrest at a specific point in the cell cycle (Foe and Alberts, 1985; DiGregorio et al., 2001; Douglas et al., 2001; Padilla and Roth, 2001) . To determine if nematode embryos in a state of suspended animation arrest at specific Figure 2 . Viability of C. elegans exposed to anoxia. Survival of nematodes in anoxia for 24 h (white bars), 48 h (slashed bars), or 72 h (black bars) was determined for all stages of development. L1 larvae were either starved or fed before placed into anoxia (see MATERIALS AND METHODS). Adult hermaphrodites were collected ϳ24 h after the L4 larvae stage. The data shown are representative of three independent experiments, with a total of more than 400 nematodes for each of the postembryonic stages and more than 200 embryos. Error bar represents SD. All experiments were done at 20°C. points in the cell cycle, we compared embryos exposed to anoxia with untreated embryos. The stage of mitotic arrest was determined by use of the DNA-binding dye DAPI, and the mAb mAb414, which recognizes nuclear envelope pore complexes in a variety of organisms including C. elegans. In Ͼ30-cell embryos, mAb414 stains the nuclear envelope during interphase, prophase, and telophase, but diminishes during metaphase and is completely absent during anaphase, thus this antibody along with DAPI can be useful for distinguishing the mitotic stage of blastomeres (Lee et al., 2000; Moore and Roth, 2001 ). Blastomeres of anoxic embryos, at a variety of stages of embryogenesis, arrested in interphase and at all stages of mitosis except anaphase (Figure 3A and Table 2 ). The number of blastomeres in telophase was substantially reduced, in anoxic embryos versus untreated embryos (Table 2 ). When arrested embryos were allowed to recover in air development progressed with a frequency of blastomeres in anaphase and telophase comparable to untreated embryos (Table 2) . That blastomeres from anoxia-exposed C. elegans embryos can arrest in mitosis contrasts with studies in zebrafish embryos that arrest only in the S and G 2 phases of the cell cycle (Padilla and Roth, 2001 ). However, the C. elegans results are similar to studies in Drosophila, showing that embryos deprived of oxygen do not arrest in anaphase (Foe and Alberts, 1985; DiGregorio et al., 2001; Douglas et al., 2001) . These data suggest that invertebrate and vertebrate embryos may not have an identical response to anoxia and that the mechanism(s) regulating anoxia-induced arrest is dependent on cell cycle position.
Blastomeres in Nematode Embryos in a State of Suspended Animation Display an Alteration in Cellular Structures
Through mechanisms unknown, interphase blastomeres from zebrafish and fly embryos exposed to anoxia contain chromosomal DNA that is not uniformly distributed throughout the nucleus (Foe and Alberts, 1985; Padilla and Roth, 2001 ). To determine if such an alteration occurs in nematodes, we analyzed nematode blastomeres from embryos exposed to anoxia. We found that in comparison to untreated embryos, the chromosomal DNA of interphase arrested blastomeres is not uniformly distributed throughout the nucleus ( Figure 3B ). When arrested embryos were allowed to recover in air the chromosomal DNA from interphase nuclei became more uniform through out the nucleus ( Figure 3B ). Our results further support the idea that the alteration of chromosomal DNA distribution, in interphase blastomeres of embryos exposed to anoxia, is conserved between vertebrates and invertebrates (Foe and Alberts, 1985; Padilla and Roth, 2001) . Blastomeres from nematode embryos exposed to anoxia were further examined to determine if other alterations occur within the nucleus. Untreated embryos display a reduction of mAb414 staining during metaphase, indicating nuclear pore complex breakdown during this stage of the cell cycle (Lee et al., 2000) . However, in metaphase blastomeres of anoxia-treated embryos the mAb414 antibody recognized an aggregate of structures surrounding the chromosomes, suggesting that the nuclear-pore-complex breakdown is altered in comparison to untreated embryos at a similar stage of the cell cycle ( Figure 3B ). This altered mAb414 staining was observed in anoxia-arrested embryos regardless of the stage of embryogenesis. When arrested embryos were allowed to recover in air, mAb414 no longer recognized an aggregate of structures surrounding the chromosomes in metaphase blastomeres ( Figure 3B ). Our findings indicate that alteration in nuclear structures such as nuclear pore complexes and chromosomal DNA occurs in embryos exposed to anoxia, which are easily recognized markers for the state of suspended animation.
The ATP Pools Decrease in Embryos in a State of Suspended Animation
Some organisms survive severe oxygen deprivation by downregulating energy turnover and upregulating the efficiency of ATP producing pathways (Hochachka, 1986; Hochachka and Lutz, 2001) . Given that oxygen is required for biosynthesis of ATP through oxidative phosphorylation, known physiological responses to anoxia include a decrease in ATP concentrations and matching of ATP hydrolysis with anaerobic ATP synthesis (Wegener and Krause, 1993) . To determine if energy availability decreased in nematode embryos exposed to anoxia, we assayed the ratio of adenine nucleotides. We found that embryos exposed to anoxia exhibit a large decrease in the ATP to ADP ratio in comparison to untreated embryos (Figure 4 ). However, a significant deviation in the ratio of ADP to AMP did not occur in embryos exposed to anoxia. In embryos that were exposed to anoxia and then allowed to recover in air the ratio of ATP to ADP increased ( Figure  4 ). Our data suggest that the energy availability of ATP, decreases in nematodes exposed to anoxia but will increase after reexposure to oxygen.
Dephosphorylation of Specific Proteins Occurs in Embryos in a State of Suspended Animation
A reduction of intracellular ATP levels in embryos exposed to anoxia likely affects a variety of cellular processes, including posttranslational modifications. To determine if phosphoepitopes are altered in embryos exposed to anoxia, we used antibodies that recognize phosphoepitopes on the SR-protein splicing factors (Neugebauer and Roth, 1997) and two antibodies that recognize phosphoproteins specific for cells in mitosis (Phos H3 and MPM-2; Davis et al., 1983; Hsu et al., 2000) . In several organisms including C. elegans embryos, cells in mitosis contain an increase in phosphorylation of histone H3 at serine 10 (Hsu et al., 2000) . The MPM-2 antibody recognizes a variety of proteins phosphorylated during mitosis in organisms such as nematodes, yeast, and mammalian cells (Davis et al., 1983; Moore et al., 1999) . In nematodes the MPM-2 antibody also recognizes proteins associated with P-granules in the germline blastomere (our unpublished results). Untreated embryos contain mitotic blastomeres with positive immunofluroescence with MPM-2 and antiphosphohistone H3, whereas arrested embryos exposed to anoxia contain mitotic blastomeres with no detectable antibody staining with MPM-2 or antiphosphohistone H3 ( Figure 5, A and B) . P-granules within the germ cell of embryos exposed to anoxia were also not detected with the MPM-2 antibody (our unpublished results). In evaluation of at least 100 embryos ex- Figure 3 . Cell biology analysis of anoxia-exposed embryos versus untreated embryos. (A) Image of blastomeres, at various stages of the cell cycle, of embryos exposed to either a normoxic or anoxic environment. Representatives of blastomeres in prophase (P), metaphase (M), anaphase (A), telophase (T), and interphase (I) are left of the letter denoting such. Embryos are ϳ50 m in length. (B) Enlarged images of blastomeres, in metaphase or interphase stages of the cell cycle, of embryos exposed to either a normoxic or anoxic environment. Bar, ϳ5 m for enlarged images of interphase and metaphase nuclei. For A and B control embryos (normoxia) were collected when the experimental embryos arrested development, ϳ90 min. Experimental embryos remained in the anoxic environment for 24 h and were either immediately collected (anoxia) or allowed a 1-h recovery period in air (postanoxia). Embryos were stained with the DNA binding dye DAPI and nuclear pore complex antibody mAb414. posed to anoxia, at least 92% of the embryos contained no blastomeres with detectable antibody staining with antiphosphohistone H3 or MPM-2, whereas embryos in normoxic conditions Ͻ8% of the embryos contain blastomeres with no detectable antibody staining. An antibody specific for a kinetochore protein (HCP-1) that exhibits dynamic changes in distribution during mitosis was used as a control (Moore et al., 1999) . In contrast to the diminished antibody staining with MPM-2 and antiphosphohistone H3, we were able to detect staining in arrested embryos using antiphospho SR antibody ( Figure  5B ). Embryos that were allowed to recover in air (postanoxia) contained detectable staining with MPM-2 and antiphosphohistone H3 ( Figure 5, A and B) . Closer examination of postanoxia embryos indicates that there is a slight difference in MPM-2 staining of postanoxia embryos in comparison to normoxic embryos, in that the staining of blastomeres in metaphase of embryos recovering from anoxia is more pronounced and sharp in comparison to normoxic embryos. This could be due to the fact that postanoxic embryos are in a recovering state.
Finally, embryos exposed to hypoxia (0.51 kPa, 0.5% O 2 ) for 2 h contain mitotic blastomeres with positive immunofluroescence with MPM-2 and antiphosphohistone H3 (our unpublished results). Our results indicate the inability to detect staining for a subset of phosphoepitopes is associated with anoxia-induced suspended animation.
Several possibilities could account for the loss of staining, including loss of phosphate residues on the proteins, loss of the proteins, or sequestration of phosphoepitopes. To distinguish among these possibilities we used PAGE and Western blot analysis to examine both the abundance and phosphorylation state of serine 10 on histone H3. Histone H3 abundance was similar in untreated embryos versus embryos exposed to anoxia, as seen by Coomassie staining and by Western blot analysis using an antibody that binds the acetylated form of histone H3 ( Figure 5C ). Additionally, we were able to detect the acetylated form of histone H3 in embryos exposed to anoxia using indirect immunofluroescence (our unpublished results). These results confirm that there is no loss of histone H3 in embryos arrested in anoxia. The phosphorylated form of histone H3 was detected in untreated embryos. However the phosphorylated form of histone H3 was not detected in embryos exposed to anoxia ( Figure 5C ). These results indicate that anoxia-induced suspended animation is correlated with removal of phosphates on histone H3.
DISCUSSION
In this article we characterize the capacity of C. elegans to respond to anoxia by entering into a reversible state of suspended animation. In anoxia, nematode cell division and developmental progression ceases until reexposed to normal oxygen concentrations. We determined that the phosphorylated form of cell cycle-regulated proteins such as histone H3, and proteins recognized by the MPM-2 antibody were not detected in embryos exposed to anoxia. Moreover, we demonstrate that the capacity of nematodes to survive anoxia-induced suspended animation is not dependent on the well-known hypoxia-inducing factor, HIF-1. This suggest that nematodes do not require induction of HIF-1 targets to enter into a state of suspended animation induced by anoxia and that the molecular mechanisms to survive hypoxia may be different that those required to survive anoxia.
Nematode Survival in Anoxia
We determined that nematodes at all stages of the life cycle survive anoxia, which is similar to results from another a n is total number of blastomeres evaluated from three independent experiments.
Figure 4. Nucleotide ratios in embryos exposed to anoxia. Embryos were collected and exposed to either a normoxic or an anoxic environment. Control embryos (normoxia) were collected and processed when experimental embryos arrested development. Experimental embryos (anoxia) remained in the anoxic environment for 24 h and were either immediately collected or allowed to recover in air for 1 h (postanoxia). Nucleotide ratios of embryos were determined using HPLC. Error bar represents SD.
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Figure 5. Phosphoepitopes on some proteins are reduced in arrested embryos. Embryos were collected exposed to either a normoxic or an anoxic environment. Control embryos (normoxia) were collected when experimental embryos arrested development. Experimental embryos remained in the anoxic environment for 24 h and were either immediately collected (anoxia) or allowed a 1-h recovery period in air (postanoxia). For A and B after embryo collection, embryos were fixed and stained with (A) DAPI, a kinetochore protein antibody (anti-HCP-1) and mAb MPM-2, or (B) DAPI, phos SR, and phos H3 antibodies. White arrows point to examples of blastomeres in metaphase.
(C) Western blot analysis of total proteins from control embryos (normoxia) or experimental embryos exposed to anoxia for 24 h (anoxia). Protein blot was probed with phos H3 antibody and acetylated H3 antibody.
group (Van Voorhies and Ward, 2000) . The results differ, in that we demonstrate a high survival rate of embryos exposed to anoxia, which may be explained by methods of embryo collection or developmental stage of embryos. Also, we show a greater sensitivity of adults to prolonged anoxia, which may be due to the difference in age of adult scored. We show embryos, starved L1, and dauer larvae display a high survival rate to prolonged anoxia. These three developmental stages had not been feeding for extended periods of time before anoxic exposure, suggesting a link between metabolism and sensitivity to anoxia. It is possible that a metabolic product is altered in response to lack of food or depletion of nutrient stores that aids in an increase in anoxia survival. Alternatively, something inherent about these stages of development may allow better survival to stress. C. elegans is a good model system for studying hypoxia because hypoxic responses involving HIF-1 is conserved between mammals and nematodes (Epstein et al., 2001; Jiang et al., 2001) . We found that HIF-1 is not required for nematode embryos to survive anoxia. This suggests that the molecular mechanisms required for survival of anoxia are different than those required for hypoxia survival. HIF-1 protein accumulation is likely not the signal for anoxiainduced suspended animation in developing organisms. The use of C. elegans as a model system to study oxygen deprivation will aid in our ability to distinguish between the molecular mechanisms required for various levels of oxygen deprivation in a metazoan.
Cell Biological Characterization of Embryos Exposed to Anoxia
We determined that nematode embryos exposed to anoxia contain blastomeres that arrest during interphase, prophase, metaphase, and to a lesser extent telophase but not anaphase. The fact that embryos exposed to anoxia contain blastomeres that arrest at specific points in the cell cycle suggests that the mechanism regulating developmental arrest may be dependent on cell cycle position. Anaphase is the stage of mitosis when chromosomes are being segregated and proper segregation is essential for decreasing chromosomal abnormalities. It is possible that cell-cycle checkpoint mechanisms could be activated in the metaphase to anaphase transition in response to low oxygen concentrations. In yeast a spindle checkpoint delays the metaphase to anaphase transition; however, such a checkpoint mechanism, in the developing nematode embryo, has not been demonstrated (Hardwick, 1998 ). An alternate explanation as to why blastomeres from nematode embryos exposed to anoxia arrest at specific stages of the cell cycle is that arrest occurs at positions where energy requirements for further progression is greatest. It remains to be determined what mechanisms control arrest of the cell cycle in response to anoxia.
Similar to D. melanogaster embryos exposed to anoxia, nematodes exposed anoxia did not arrest in anaphase (Foe and Alberts, 1985) . In contrast, blastomeres of zebrafish embryos exposed to anoxia arrest in the S and G 2 phases of the cell cycle (Padilla and Roth, 2001) . Zebrafish embryos have G 1 and G 2 phases of the cell cycle after midblastula (Zamir et al., 1997) . However, it is unknown if C. elegans have G 1 and G 2 phases of the cell cycle during embryogenesis. Thus, the differences in cell cycle stage of arrest in zebrafish versus nematodes or flies may be due to the pattern of the cell cycle for the particular embryo exposed to anoxia.
We identified cell biological markers for C. elegans in a state of anoxia-induced suspended animation. Similar to work shown in flies and zebrafish embryos, anoxic nematode embryos contain interphase blastomeres with a redistribution of the DNA within the nucleus (Foe and Alberts, 1985; Padilla and Roth, 2001 ). This may indicate that anoxia exposure reduces transcription and DNA synthesis, which is known to cause a redistribution of the DNA in the nucleus. We also demonstrate that the nuclear pore complex accumulation is altered in blastomeres in metaphase of arrested embryos. Perhaps this nuclear pore complex alteration occurs because cells arrest during the early stages of metaphase, before all of the nuclear pore complexes are disassembled or that there is an insufficient level of energy or other metabolites within the cell to allow disassembly of these complexes. The alteration of nuclear pore complexes and DNA from interphase nuclei is reversed when the anoxia-exposed embryo is allowed to recover in air. The role of these cellular alterations in suspended animation is not understood.
Suspended Animation Correlates with Dephosphorylation of Cell Cycle regulated Proteins
We found that nematodes in anoxia arrest energy requiring processes such as developmental progression, cell division, and movement, which is paralleled with physiological and cellular changes such as a decrease in ATP and dephosphorylation of cell cycle-regulated proteins such as histone H3 and proteins recognized by the MPM-2 antibody. The cellular signal(s) to allow such diverse responses to anoxia within a developing organism are not understood, but the ability of an organism to enter into and exit from suspended animation must involve a coordination of many cellular processes. A model that may help to explain how coordinated stopping occurs has been suggested from studies of the metabolic responses of crayfish, mollusks, and turtles to anoxia (Cowan and Storey, 2001; Storey, 1993 Storey, , 1996 . In studies of the anoxia-tolerant crayfish Orconectes virilis it has been shown that prolonged anoxia stimulates a decrease in the activity of cAMP-dependent protein kinase (PKA) and an increase in protein phosphatases 1, 2A, and 2C activity (Cowan and Storey, 2001) . Such alterations in kinase and phosphatase activity may stimulate energy conservation responses by altering the phosphorylation state of glycolytic enzymes (Storey, 1996) . We suggest that a similar model may help explain our results. That is, in nematodes subjected to prolonged anoxia oxidative phosphorylation stops, which leads to diminished ATP levels. This in turn leads to a diminished activity of some kinases and increased activity of phosphatases, which may alter the phosphorylated state of key regulatory proteins involved in processes such as cell cycle progression.
